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Abstract—Relay-aided transmission is envisioned as a key
strategy to combat severe path loss and link blockages emerging
as unique challenges in millimeter-wave (mmWave) communi-
cations. This work considers a relay-aided multiuser mmWave
communications scenario aiming at maximizing the sum rate
through optimal transmit and relay precoder design. We propose
a novel joint precoder design strategy, which exploits weighted
minimum mean-square error (WMMSE) using its equivalency
to sum-rate maximization. We obtain closed form expressions
of transmit and relay precoders, and propose to compute them
through alternating-optimization iterations without having to
resort to complicated numerical optimization techniques. Nu-
merical results verify the superiority of the proposed precoding
strategy as compared to conventional precoding schemes.
Index Terms—Amplify-and-forward (AF) relaying, convex op-
timization, sum rate, minimum mean-square error (MMSE).
I. INTRODUCTION
The millimeter-wave (mmWave) communication has re-
cently received enormous attention as a promising solution
to the spectrum scarcity problem in conventional sub-6 GHz
frequency band [1]. This vastly unused spectrum, however,
comes with a set of unique challenges such as severe prop-
agation loss and link blockages. As an attempt to combat
these challenges, relay-aided communications schemes have
recently been revisited for mmWave channels. Along with
the use of multiple antennas, the existing literature on relay-
aided networks is focused more on the uncorrelated multiple-
input multiple-output (MIMO) channels [2]–[11], with rela-
tively limited attention to correlated mmWave channels having
mostly point-to-point transmission structure [12]–[14].
In particular, [2] considers precoding design problem for a
full-duplex (FD) amplify-and-forward (AF) relaying scheme
which aims at maximizing sum rates without any source node
processing. A joint source and relay precoding strategy is stud-
ied in [3] to mitigate the loop interference of an FD scheme
in an AF relaying network. As a follow up work, the authors
investigate nonlinear transceiver design in [4] for the same
setting, where the source and relay precoders are designed as-
suming (nonlinear) successive-interference-cancellation (SIC)
receiver. [5] investigates the simultaneous wireless information
and power transfer (SWIPT) in a MIMO AF relaying system,
and proposes a source and relay precoding scheme assuming
an energy-harvesting relay. The optimal transmit and relay
precoders (together with receiver equalizer) are investigated
in [6] for an AF relaying scheme which aims at minimizing
the probability of error. [11] considers the source and relay
precoder design problem for FD AF relaying systems, where
SWIPT is enabled at the destination.
The precoder design problem for transmit and relay nodes
is studied in [7] with a non-negligible direct link between the
transmitter and users. A two-way relay structure is considered
in [8] for which the relay precoder is designed aiming at
maximizing the spectral efficiency. An iterative minimum
mean-square error (MMSE) precoder is proposed in [9] which
is argued to be robust against channel state information (CSI)
uncertainties. A multi-hop MIMO transmission is suggested in
[10] where a mean-square error (MSE) beamforming design
is studied. In [12], precoder design is studied for a two-
hop relay network so as to maximize average capacity. The
work in [13] proposes an MMSE-based iterative successive
approximation (ISA) algorithm to design a hybrid beamformer.
An FD relaying scheme is studied in [14], and an self-
interference cancellation precoding is proposed accordingly.
In this work, we consider an AF based relay-aided MIMO
transmission scenario for multiuser mmWave communica-
tions. In particular, we propose a novel framework for joint
transmit and relay precoder design problem which aims at
maximizing the sum rate. In order to solve the respective
optimization, we resort to an equivalent optimization problem
involving weighted MMSE (WMMSE) of message decoding,
and derive the closed-form expressions for the transmit and
relay precoders together with the Lagrange multipliers. We
further propose an alternating-optimization algorithm to ob-
tain the precoders through iterations without having to carry
out numerically expensive optimization techniques. The sum-
rate performance of the proposed scheme is verified by the
extensive numerical results to achieve superior performance
as compared to conventional precoding schemes.
The rest of the paper is as follows. Section II describes
the system model under consideration. The achievable rates
are presented in Section III together with the derivation of
equivalent MMSE receiver. Section IV discusses the optimal
sum-rate maximizing precoders, and Section V proposes a
novel iterative algorithm to compute the optimal transmit and
relay precoders. The numerical results are presented in Section
VI, and the paper concludes with some remarks in Section VII.
Notation: (·)H, tr(·), and | · | are Hermitian, trace, and
absolute value operators, respectively. [a, b] is a continuous
interval between (inclusive) a and b. CK×L denotes the set
of K×L complex numbers. IN is the identity matrix of size
N×N . E{·} denotes statistical expectation.
II. SYSTEM MODEL
We consider a relay-aided mmWave communications sce-
nario in which a base station (BS) equipped with Nt antennas
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2communicates with K single-antenna users through a relay
node having Nr antennas. The users are represented by an
index set K= {1, . . . ,K} such that K ≤min{Nt, Nr}. We
assume that users are uniformly distributed over the horizontal
plane each with a line-of-sight (LoS) distance (from the BS)
in [dmin, dmax], and an angular position in [θmin, θmax]. We also
assume that the relay is off the BS by dr, and is aligned with
the boresight of the BS propagation pattern.
A. Channel Model
The mmWave channel Hsr ∈CNr×Nt between the BS
(source) and relay is given as follows
Hsr =
√
NtNr
MsrLsr
Msr∑
m=1
Lsr∑
`=1
αsrm,`√
PL (dsr)
a(Nr, θsrm,`)a(Nt, φ
sr
m,`)
H,
(1)
where Msr and Lsr are the number of clusters and multipath
components, respectively, PL(dsr) is the path loss over dsr
being the line-of-sight (LoS) distance between the BS and
relay, and αsrm,` is the gain of the `-th multipath in the m-
th cluster being standard complex Gaussian. In addition, θsrm,`
and φsrm,` are the uniformly-distributed angle-of-arrival (AoA)
and angle-of-departure (AoD) of the `-th multipath in the
m-th cluster, respectively, and a(N,ϕ) stands for the array
steering vector of size N×1 with the n-th element given for
the uniform linear array (ULA) assumption as follows[
a(N,ϕ)
]
n
=
1√
M
exp
{
−j2pi d
λ
(n−1) cosϕ
}
, (2)
for n=1, . . . , N , where ϕ is the angle of interest (i.e., AoA
or AoD), d is the antenna element spacing, and λ is the
wavelength of the carrier frequency.
The mmWave channel hk ∈C1×Nr between the relay and
k-th user (destination) is similarly defined as follows
hk =
√
Nr
MrdLrd
Mrd∑
m=1
Lrd∑
`=1
αkm,`√
PL (dk)
a(Nr, φkm,`)
H, (3)
where dk is the LoS distance between the relay and k-th user,
αkm,` is the gain of the `-th multipath in the m-th cluster being
standard complex Gaussian, and φkm,` is the respective AoD.
B. Transmission Scheme
The BS intends to send unicast message symbol sk to the
k-th user in two phases following AF relaying scheme. In
particular, the BS transmits only to the relay node in the first
phase (assuming the users are blocked due to the mmWave
propagation characteristics), and the relay node retransmits the
received signal to the users in the second phase (after linear
processing).
In the first phase, the overall unicast message vector
s= [s1 . . . sK ]T ∈CK×1 with E{ssH}= IK is transmitted by
the BS using a linear precoder F= [f1 . . . fK ] ∈CNt×K , where
fk ∈CNt×1 is the precoder vector for the k-th unicast message.
The received signal at the relay node is given as
yr =
√
ρsHsrFs+ n =
√
ρsHsr
∑
k∈K
fksk + n, (4)
where ρs is the control parameter for the transmit power at
the BS, and n is the complex Gaussian noise with zero mean
and covariance σ2r INr . Assuming that long-term power budget
at the BS is Pbs, the respective power constraint for F is
tr
(
FFH
)
=
∑
k∈K
tr
(
fkfHk
)
≤ Pbs/ρs. (5)
In the second phase, the relay node forwards the received
signal yr to the users by the precoder G∈CNr×Nr , which
acts to amplify the incoming signal in power, and to suppress
multiuser interference (aiming at maximizing the sum rate).
The received signal at the k-th user is given by
yk =
√
ρrhkGyr + wk, (6)
=
√
ρsρrhkGHsr
∑
k∈K
fksk +
√
ρrhkGn+ wk, (7)
where ρr is the control parameter for the transmit power at
the relay node, and wk is the complex Gaussian noise with
zero mean and variance σ2d . The long-term power budget at
the relay node is Pre, and the power constraint for the relay
precoder is
ρs
∑
k∈K
tr
(
GHsrfkfHkH
H
srG
H
)
+ σ2r tr
(
GGH
)
≤ Pre/ρr. (8)
III. ACHIEVABLE RATES AND MMSE RECEIVER
The one-to-one correspondence between mutual information
and MMSE is established in [15]. In this section, we consider
the achievable rates and the MMSE receiver to establish such
a relation. To this end, we first consider the receiver operation
in which each user decodes its own unicast message. The
respective rate of the k-th user message can be given as follows
Rk = log
(
1 +
ρsρr
σ2k
hkGHsrfkfHkH
H
srG
HhHk
)
, (9)
where σ2k is the effective noise variance given as
σ2k =
∑
i 6=k
ρsρrhkGHsrfifHi H
H
srG
HhHk+ρrσ
2
r hkGG
HhHk+σ
2
d ,
(10)
which specifically depends on the user index k∈K.
At the receive side, the k-th user employs a receiver Vk to
process its received signal yk aim at obtaining an estimate of
its unicast message sk as sˆk =Vkyk. The respective MSE is
εk= E
{|sk − Vkyk|2} (11)
=
(∑
i∈K
ρsρrhkGHsrfifHi H
H
srG
HhHk+σ
2
r ρrhkGG
HhHk
)
V ∗k Vk
+ σ2dV
∗
k Vk−
√
ρsρr
(
VkhkGHsrfk + V ∗k f
H
kH
H
srG
HhHk
)
+1.
(12)
The optimal receiver for the k-th user minimizing the MSE,
referred to as MMSE receiver, is obtained by taking derivative
of (12) with respect to Vk and finding the respective root,
which is given after straightforward manipulations as follows
V MMSEk =
√
ρsρr fHkH
H
srG
HhHk
ρsρr hkGHsrfkfHkH
H
srG
HhHk + σ2k
, (13)
3where σ2k is the effective noise for the k-th user given in (10).
When the MMSE receiver of (13) is employed at the k-th
user, the resulting MSE of (12) becomes
εmink =
(
1 +
ρsρr
σ2k
fHkH
H
srG
HhHk hkGHsrfk
)−1
. (14)
We furthermore realize that the achievable rate in (9) is related
to the MMSE value in (14) through the following expression
Rk = − log
(
εmink
)
. (15)
IV. OPTIMAL PRECODERS FOR SUM RATE MAXIMIZATION
Our ultimate goal is to derive the optimal transmit and
relay precoders F and G such that the sum rate is maximized
subject to the power constrains at the BS and relay node. The
respective optimization problem is defined as
max
F,G
∑
k∈K
Rk, (16)
s.t. (5), (8). (16a)
The optimization problem in (16) is seemingly non-convex
due to the non-convex rate expression of (9). We therefore
resort to an equivalent optimization problem exploiting the
relation between the rates and MMSE given by (15). To
this end, we define an augmented weighted MSE (WMSE)
expression for the k-th user as follows
ξk = vk εk − log(vk) , (17)
where vk is the nonzero weight coefficient of the MSE
expression for the k-th user.
Note that the augmented WMSE ξk in (17) is convex in the
MSE receiver Vk through the MSE expression εk defined in
(11). In order to find the optimal weight coefficient voptk and
the receiver V optk that minimize the augmented WMSE, we
compute partial derivatives of (17) which yields
∂ξk
∂Vk
= vk
∂εk
∂Vk
→ V optk = V MMSEk , (18)
∂ξk
∂vk
= εk − 1
vk
→ voptk =
1
εmink
, (19)
where (18) makes use of the fact that the root of ∂εk/∂Vk is
the MMSE receiver in (13), and (19) exploits the finding from
(18) that the optimal value of εk is given by (14) due to the
optimal receiver still being MMSE for this particular problem.
The minimum of the augmented WMSE, referred to as
WMMSE, is obtained by the optimal receiver of (18) and the
optimal weight of (19) as follows
ξmink = 1− Rk, (20)
which makes use of the relation between the MMSE and
achievable rate given by (15). We therefore formulate the
equivalent optimization problem which minimizes the WMSE
(instead of maximizing sum rate as in (16)) as follows
min
F,G
∑
k∈K
ξmink (21)
s.t. (5), (8). (21a)
In the following, we describe an alternating-optimization
approach to find the optimal transmit and relay precoders
maximizing the sum rate.
V. ITERATIVE PRECODER DESIGN
The optimization problem in (16) that aims at maximizing
the sum rate is non-convex, and requires numerical optimiza-
tion techniques to solve. The equivalent WMMSE problem of
(21), however, leads to a low-complexity intuitive algorithm
which makes use of the convexity of the objective function
in receiver weights. The WMMSE problem is composed of
three parts: the transmit precoders, relay precoder, and MSE
receivers. One intuitive way to solve (21) is therefore through
an alternating-optimization scheme (i.e., keeping two of these
constituent parts the same while optimizing the other one).
Towards this end, we first define a new optimization prob-
lem based on (21), which employs the general augmented
WMSE ξk of (17) as the objective function (instead of the
WMMSE ξmink as (21) uses), or equivalently considering the
MSE εk of 12 (instead of using the MMSE εmink of (14)). This
new optimization therefore assumes general receivers (along
with the general weight coefficients vk) instead of specifically
assuming the MMSE receivers of (13) (with the WMMSE-
optimal weight coefficients voptk ), and is given as
min
F,G,Vk,vk
∑
k∈K
ξk (22)
s.t. (5), (8). (22a)
Thanks to the objective function being convex in the pre-
coders and general receivers, this optimization problem can be
solved considering the Lagrangian function given as
L (F,G, Vk) =
∑
k∈K
ξk + β1J1 + β2J2, (23)
where β1, β2, and ηk are the Lagrange multipliers, and J1 and
J2 are the penalty for the power constraint at the BS and the
relay node, respectively, which are given as
J1 =
∑
k∈K
tr(fkfHk )−
Pbs
ρs
, (24)
J2 = ρs
∑
k∈K
tr(GHsrfkfHkH
H
srG
H) + σ2r tr(GG
H)− Pre
ρr
. (25)
Considering the KarushKuhnTucker (KKT) conditions, the
desired precoders are given in the following theorem.
Theorem 1: Assuming the relay-aided communications sce-
nario with the observation models at the BS and relay node
given by (4) and (7), respectively, along with the power
constraints (5) and (8), the optimal precoders are given as
fk =
√
ρsρrvkV
∗
k
[
β1INt + β2ρsH
H
srG
HGHsr
+ ρsρr
∑
i∈K
vi|Vi|2HHsrGHhHi hiGHsr
]−1
HHsrG
HhHk , (26)
G =
√
ρsρr
(
ρr
∑
i∈K
vi|Vi|2hHi hi + β2IK
)−1
×
(∑
i∈K
viV
∗
i h
H
i f
H
i H
H
sr
)(
ρsHsrFFHHHsr +σ
2
r INr
)−1
. (27)
4Algorithm 1 Proposed WMMSE-Based Algorithm
1: Initialize: , nmax, F, G, n← 1, ξ(0)t ←∞, ξ(−1)t ← 0
2: while
∣∣ξ(n−1)t − ξ(n−2)t ∣∣ >  or n > nmax do
3: Compute Vk by (13) for given F and G
4: Compute εk by (12) for given F and G
5: Compute voptk by (19)
6: Compute β2 by (28)
7: Update G by (27) for given F and Vk
8: Compute β1 by (29)
9: Update F by (26) for given G and Vk
10: ξ
(n)
t =
∑
k∈K ξk
11: n← n+ 1
12: end while
TABLE I
SIMULATION PARAMETERS
Parameter Value
User angular position ([θmin, θmax]) [−60◦, 60◦]
Minimum distance (dmin) 50m
Maximum distance (dmax) {150, 250}m
# of channel clusters (Msr, Mrd) 4
# of channel rays (Lsr, Lrd) 5
Angular spread of rays 10◦
Angular spread of clusters 40◦
Antenna gain at BS & relay 8 dBi
Noise figure 9 dB
Signal bandwidth 100MHz
Thermal noise −174 dBm/Hz
Error tolerance () 0.001
Frequency (fc) 28GHz
Maximum number of iterations (nmax) 200
Antenna element spacing (d) λ/2
for k=1, . . . ,K, where Vk is obtained by (13), and
β2 =
ρrσ
2
d
Pre
∑
i∈K
vi|Vi|2, (28)
β1 =
ρsσ
2
r
Pbs
[
ρr
∑
i∈K
vi|Vi|2 tr
(
hHi hiGG
H
)
+ β2 tr
(
GGH
)]
.
(29)
Proof: See Appendix A.
Note that the transmit and relay precoders in (26) and (27),
respectively, are given in terms of one another. We therefore
propose the alternating-optimization strategy in Algorithm 1,
which minimizes the WMSE by iteratively optimizing the
objective function for the receiver structures in (13), the MSE
weight coefficients in (19), and transmit and relay precoders
in (26) and (27). The algorithm is assumed to converge when
the power of the difference for two consecutive precoders is
sufficiently small. Note that the value of the objective function
increases through iterations due to the power constraints, and
the proposed algorithm, hence, eventually converges to a limit
value. Following similar steps as in [15, Section IV-A] and
[16], one can prove the convergence in full detail.
VI. SIMULATION RESULTS
In this section, we present the numerical results for the
proposed sum-rate maximizing precoding strategy along with
those of zero forcing (ZF) and regularized ZF (RZF) pre-
coders for comparison purposes. We adopt the 3GPP mmWave
channel model for urban micro (UMi) environment with the
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path loss PL(x)= 32.4+21 log10(x)+ 20 log10(fc), where x
is the LoS distance, and fc is the carrier frequency [17]. The
complete list of simulation parameters is given in Table I.
In Fig. 1, we depict the sum rate along with the transmit
power with Pbs=Pre. We assume that the relay node is located
at the minimum user distance, i.e., dr= dmin=50m, and
dmax=150m for Nt=Nr=K ∈{16, 32}. This scenario well
represents a densely packed mmWave network which serves
as many users as the number of transmit (and relay) antennas,
and hence the system can be categorized as overloaded. We
observe that the sum-rate performance of the proposed strategy
is much better than both RZF and ZF, with the performance
gap increasing drastically as the number of antennas and
users gets larger. Note that the sum-rate performance of RZF
decreases with increasing number of users (due to larger
multiuser interference) especially at high power, while the
sum rate of the proposed strategy, in contrast, improves even
further. Note also that ZF cannot achieve any positive sum rate
under this overloaded scenario.
In Fig. 2, we investigate the sum-rate performance for nor-
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Fig. 3. Sum rate vs. number of iterations for dr = dmin=50m, dmax=150m,
Nt=Nr =K=16, Pbs=Pre=20 dBm, ∈{0.1, 0.01, 0.001}.
malized relay location dr/dmax assuming dmax= {150, 250}m,
Pbs=Pre=20 dBm, and Nt=Nr=K =16. We observe for
any dmax that the best sum rate is obtained for RZF when
the relay node appears to be as close to the BS as possible.
This result implies that the relay-aided transmission loses its
practicality for the RZF precoder as the respective performance
maximizes when the relay node is roughly co-located with
the BS. The optimal performance for the proposed precoding
scheme, in contrast, requires the relay node to be placed off the
BS by roughly d optr ≈ dmin. In addition, we present the con-
vergence behavior of the proposed algorithm in Fig. 3 along
with various error tolerance values of ∈{0.1, 0.01, 0.001}.
We observe that the proposed algorithm converges after as
low as 10 iterations depending on the particular choice of the
error tolerance  and transmit power.
VII. CONCLUSION
We consider a sum-rate maximizing joint precoder design
for a relay-aided multiuser mmWave scenario. Resorting to
WMMSE optimization, we obtain closed forms of the pre-
coders and compute them through alternating-optimization
iterations. The numerical results verify the superiority of the
proposed scheme as compared to RZF and ZF schemes.
APPENDIX A
PROOF OF THEOREM 1
We first compute the derivative of L(F,G, Vk) in (23) with
respect to Vk, and consider the respective roots which yields
√
ρsρrvkfHkH
H
srG
HhHk = ρsρr
∑
i∈K
vkhkGHsrfifHi H
H
srG
HhHk Vk
+ ρrvkσ
2
r hkGG
HhHk Vk + σ
2
dvkVk, (30)
which obtains (13). We then take the gradient of (23) with
respect to fHk and consider the respective roots as follows
√
ρsρrvkV
∗
k H
H
srG
HhHk = ρsρr
∑
i∈K
vi|Vi|2HHsrGHhHi hiGHsrfk
+ β1fk + ρsβ2HHsrG
HGHsrfk, (31)
which readily produces (26).
We finally take the gradient of (23) with respect to GH to
obtain (27), which similarly yields
√
ρsρr
∑
i∈K
viV
∗
i h
H
i f
H
i H
H
sr =
(
ρr
∑
k∈K
vk|Vk|2hHk hk + β2IK
)
×G (ρsHsrFFHHHsr + σ2r INr) . (32)
In order to derive (28) for β2, we first post-multiply both
sides of (30) by V ∗k , and compute the summation of the both
sides over all user indices. We then pre-multiply (32) by GH,
compute the trace of both equations, and compare them to
readily obtain (28). Similarly, to calculate β1 in (29), we post-
multiply both sides of (30) by V ∗k , and sum the both sides over
all user indices. We pre-multiply (31) by fHk , and sum over
k∈K. After comparing the trace of both, we obtain (29).
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